Abstract-Technical toxaphene (Melipax) and the single compounds of technical toxaphene (CTTs) 2,2,5-endo, 6-exo,8,8,9,10-octachlorobornane (B8-806), 2,2,5-endo,6-exo,8,9,9,10-octachlorobornane (B8-809), 2,2,5,5,8,9,9,10,10-nonachlorobornane (B9-1025), 2-endo,3-exo,5-endo,6-exo,8,8,9,10,10-nonochlorobornane (B9-1679), 2-endo,3-exo,5-endo,6-exo,8,9,10,10-octachlorobornane (B8-1414), 2-endo,3-exo,5-endo,6-exo,8,8,9,10-octachlorobornane (B8-1412), and 2-exo,3-endo,5-exo,9,9,10,10-heptachlorobornane (B7-1453) were treated with suspensions of the anaerobic bacterium Dehalospirillum multivorans. After 7 d, more than 50% of technical toxaphene was transformed, and the relative amount of early eluting CTTs increased. After 16 d, only 2-exo, 3-endo,6-exo,8,9,10-hexachlorobornane (B6-923), 2-endo,3-exo,5-endo,6-exo,8,9,10-heptachlorobornane (B7-1001), and a few minor penta-and hexachloro-CTTs were detected in the samples. The result of the transformation was comparable with observations in naturally contaminated sediments and soil. However, the performance with D. multivorans was more simple and reproducible, as well as faster, than use of soil, sediment, or anaerobic sewage sludge. In agreement with reports in the literature, reductive dechlorination at geminal chlorine atoms (gem-Cls) was found to be the major CTT transformation pathway. Experiments conducted with CTTs and gem-Cls at both primary and secondary carbons clarified that the initial Cl → H substitution takes place at the secondary carbon C2. Furthermore, the 2-endo-Cl position was preferably substituted with hydrogen. In the case of B8-806, the dechlorination at the secondary carbon C2 was approximately 20-fold faster than the subsequent, slow reduction at the primary carbon C8. The three different formerly unknown heptachloro-CTTs, 2-exo,3-endo,6-exo,8,9,9,10-heptachlorobornane (B7-1473), 2-exo,3-endo,6-endo,8,9,9,10-hepatchlorobornane (B7-1461), and 2-exo, 3-endo,6-exo,8,8,9,10-heptachlorobornane (B7-1470) were found as intermediates of the B8-806/809 transformation. Treatment of B9-1679 with D. multivorans indicated that gem-Cls on the bridge (C8 and C9) are dechlorinated faster than gem-Cls on the bridgehead (C10).
INTRODUCTION
Toxaphene (Camphechlor [LGC Promochem, Wesel, Germany] Melipax [Fahlberg-List, Magdeburg, Germany]) was introduced as a pesticide in 1945. The global production was estimated at approximately 1 million tons [1, 2] . Because of its persistence in the environment, the bioaccumulative behavior of some compounds of technical toxaphene (CTTs) in aquatic food webs, and its toxicity to fish and higher animals, toxaphene was banned in many countries some 20 years ago. Toxaphene is produced by the exhaustive chlorination of camphene, which results in a complex mixture of several hundred penta-to undecachlorobornanes and other C 10 -compounds, with an average composition of C 10 H 10 Cl 8 [1, 2] . Despite the complexity of technical toxaphene, the toxic diastereomers 2,2,5-endo,6-exo,8,8,9,10-octachlorobornane (B8-806)/2,2,5-endo, 6-exo,8,9,9,10- octachlorobornane (B8-809; toxicant A) ( Fig. 1 ) as well as 2,2,5-endo,6-exo,8,9,10-heptachlorobornane (B7-515; toxicant B) have been identified as two main components [3, 4] . Isolates of toxicant A and toxicant B prove to be more toxic than the whole technical product [3, 4] .
In the environment, the multicomponent mixture is significantly changed, and only some persistent CTTs resist transformation. The toxaphene residue pattern in marine mammals is usually dominated by the 2-endo,3-exo,5-endo,6-exo, 8,8,10,10- octachlorobornane (B8-1413) and 2-endo,3-exo, 5-endo,6-exo,8,8,9,10,10- nonochlorobornane (B9-1679) [5, 6] , whereas in soil and sediment, it is dominated by 2-exo,3-endo, 6-exo,8,9,10- hexachlorobornane (B6-923), 2-endo,3-exo, 5-endo,6-exo,8,9,10-heptachlorobornane (B7-1001) , and other penta-to heptachloro-CTTs [7] [8] [9] [10] .
The major pathway of toxaphene transformation in anoxic media such as sediments is thought to be Cl → H substitution, primarily at carbons with geminal chlorine atoms (gem-Cls), which is in agreement with the formation of B6-923 and B7-1001 [11] [12] [13] . Seven carbons on the bornane backbone can be chlorinated; thus, seven is the highest number of chlorine atoms that may remain on the bornane backbone if only gemCls are removed [14] . However, the mechanisms are not fully understood.
Next to B6-923 and B7-1001, several other CTTs have been described in studies of toxaphene transformation under anoxic conditions. Buser et al. [11] identified 2-endo,3-exo,5-endo,6-exo, 8,9,10,10- octachlorobornane (B8-1414), 2-exo,3-endo, 5-exo,8,9,9,10,10-octachlorobornane (B8-1945) , and B9-1679 in a transformation study with sewage sludge, and others detected four structurally unknown heptachloro-CTTs in a contaminated salt marsh from the southern United States [12] . Fingerling et al. [13] 923, as a major transformation product in toxaphene-spiked loamy silt soil. Despite some differences in the CTT residue patterns, all studies of reductive dechlorination suggest active participation of microorganisms in the transformation of toxaphene [15] . The use of heat-inactivated control samples resulted in a lesser degree of toxaphene transformation than was found for bacterial cultures from toxaphene-contaminated soil [16] and sewage sludge [11] .
To obtain more information regarding the mechanism of the anoxic toxaphene transformation, we attempted to use a single, well-defined bacterium in a reproducible laboratory system, which showed a transformation process similar to that found in naturally contaminated sediment, soil, and anoxic sewage sludge. We chose suspensions of Dehalospirillum multivorans, which is a strictly anaerobic, gram-negative bacterium [17] . Dehalospirillum multivorans has a high potential for reductive dechlorination of both chlorinated ethenes and propenes [18, 19] . Because of the ability of D. multivorans to remove chlorine atoms from highly chlorinated substrates, this isolated microorganism seemed to be suitable for investigating the transformation mechanism of toxaphene under anoxic conditions.
MATERIALS AND METHODS

Gas chromatography
Analyses were performed with a Hewlett-Packard 5890 series II gas chromatograph (GC) equipped with two 50-m capillary columns (CP-Sil 2 and CP-Sil 8/20% C18) and 63 Ni electron-capture detectors (ECDs; Hewlett-Packard, Waldbronn, Germany) using parameters described elsewhere [20] .
GC/electron-capture negative-ion mass spectrometry
The GC/electron-capture negative-ion mass spectrometric (ECNI-MS) analyses (moderating gas, methane 4.5; Linde, Leuna, Germany) were performed with a Hewlett-Packard 5890 series II GC interfaced to a Hewlett-Packard 5989B MS [21] . For most of the experiments, we used a 30-m (length) ϫ 0.25-mm (inner diameter) ϫ 0.25-m (film thickness) HP-5 column (Hewlett-Packard). The GC oven program was as follows: Isothermal at 80ЊC (1-min hold), then a 20ЊC/min ramp to 170ЊC (2-min hold), a 20ЊC/min ramp to 200ЊC (5-min hold), and a 20ЊC/min ramp to 280ЊC (15-min hold Ϫ ). For selected experiments, we also used a 30-m ϫ 0.25-mm fused silica column coated with 0.2 m of the chiral stationary phase ␤-BSCD (tert-butyldimethylsilylated ␤-cyclodextrin chiral stationary phase; BGB Analytik, Adliswil, Switzerland) previously described in detail [22] . The GC oven was programmed as follows: Isothermal at 80ЊC (4-min hold), then a 20ЊC/min ramp to 180ЊC (5-min hold), a 20ЊC/min ramp to 195ЊC (25-min hold), and a 20ЊC/min ramp to 230ЊC (15-min hold). The SIM masses of penta-to nonachlorobornanes mentioned above were monitored [23] .
Chemicals
Racemic standard solutions (1-10 ng/l) of individual CTTs were purchased from LGC Promochem (Wesel, Germany) and Dr. Ehrenstorfer GmbH (Augsburg, Germany) or were produced from environmental samples [14, 20, 24] . The internal standard perdeuterated ␣-hexachlorocyclohexane (␣-PDHCH) was synthesized [25] . The technical product Melipax (1 kg unit, unopened) was found in a garden shed in Jena (Germany) [24] . This sample showed a slightly different CTT pattern compared to a standard solution of Camphechlor (LGC Promochem). For example, the octachlorobornanes B8-1414 and B8-1945 were at higher concentrations, and the nonachlorbornanes such as 2,2,5,5,8,9,9,10,10-nonachlorobornane (B9-1025) were at lower concentrations, in the Melipax sample.
Organic solvents (n-hexane, iso-octane, acetone) were of high purity (for residue analysis, LGC Promochem). In the present study, CTTs were abbreviated using the Andrews and Vetter nomenclature system [26] (Table 1) .
Cultivation of D. multivorans
The bacterium was routinely grown in 1 L of anaerobic media with 40 mM pyruvate, 40 mM fumarate, and 0.2 g/L yeast extract [17] . The medium was inoculated with 100 ml of a culture grown on 40 mM formate and 5 mM tetrachloroethene (PCE; 2 ml of 0.25 M PCE in hexadecane per 100 ml of medium). Bacteria were incubated at 25ЊC and 200 rpm in a water bath shaker [18] and grew within less than 24 h to cell densities (optical density at 578 nm) of approximately 1.0, which corresponds to approximately 0.22 mg cell protein/ml.
Preparation of cell suspensions
All manipulations were performed under anoxic and sterile conditions. The bacteria were harvested in the late logarithmic growth phase by centrifugation at 8,000 rpm for 10 min at 4ЊC. The pellets were resuspended in 100 ml of 0.1 M TrisHCl (pH 7.5). After resuspension, 4.5 ml of the cell suspension and 0.5 ml of the electron-donor formate (40 mM) were dispensed into 10-ml vials (depending on the experiment, 35-70 crimped vials were used), and 5 l of the electron-acceptor CTTs (0.5 ng/l to 10 g/l) in n-hexane were added. Vials were crimped with Teflon-lined septa (Macherey-Nagel, Dür-en, Germany). The samples were kept anaerobically in a glove box (95% N 2 and 5% H 2 ). Use of resazurin (added for controlling the redox conditions) indicated that the redox conditions were generally below Ϫ110 mV. Additional control (chemical blank without bacteria) and unspiked (no-toxaphene) samples were prepared for all series of experiments (see Quality assurance/quality control).
Sample preparation
Vials were taken at different time intervals (three to five times within 7-16 d) for quantitative extraction. For each time interval, the vial was opened, an aliquot of ␣-PDHCH was S. Ruppe et al. added, and the entire sample was extracted twice with 10 ml of n-hexane for 5 min in an ultrasonic bath. The combined nhexane extracts were filtered through sodium sulfate and concentrated to approximately 1 ml in a rotary evaporator. Finally, the volume was adjusted to 2 ml in the case of technical toxaphene and to 1 ml in the case of the single CTTs. One microliter of each extract was analyzed by GC/ECD and GC/ ECNI-MS. Starting samples (t ϭ 0 h) were spiked with toxaphene, shaken, and immediately reextracted as described above (t Ͻ 3 min).
Quality assurance/quality control
Initial attempts to analyze aliquots from one sample at different times into the reaction phase suffered from poor reproducibility. This likely resulted from an inhomogeneous distribution of CTTs in the sample, adsorption of CTTs on glass wall/cell material, or particles that could not be distributed homogeneously in the suspension. Contamination with oxygen could have been another source of error. Therefore, the suspensions of freshly grown cells of D. multivorans were prepared in 10-ml vials (see above). Duplicates were analyzed for each sample extracted at each period. Results obtained from duplicate samples varied between 0 and 20%, and mean values of the duplicates are used throughout this work. Addition of B8-1414 to a 7-d-old cell suspension of D. multivorans led to a similar transformation rate as compared to the normal procedure, which proves the long-term viability of D. multivorans. Sample blanks and spiked controls without bacterial culture were carried out for every series of experiments. Controls without bacteria were performed over the same time range as experiments with D. multivorans. Loss of toxaphene or individual CTTs in these controls was less than 15% of the initial amount. The recovery of samples spiked with technical toxaphene or individual CTTs that were immediately reextracted ranged from 70 to 100%, and the internal standard ␣-PDHCH was almost quantitatively recovered. For some random samples, the remaining solution of the extraction, the glass vial, and the septum were treated with concentrated H 2 SO 4 and extracted once more with n-hexane. No toxaphene was detectable in these samples. 
RESULTS AND DISCUSSION
When we started to work with D. multivorans, we expected that the same reaction would take place that was found in sediment, soil, and anoxic sewage sludge. To verify this hypothesis, technical toxaphene (Melipax) was added to a suspension of freshly grown cells of D. multivorans. The starting sample (spiked with toxaphene and immediately reextracted) showed the known complex CTT pattern, characterized by a large number of mainly hepta-to nonachlorobornanes (Fig.  2a) . External standards (Table 1) were used to identify individual CTTs, including 2-endo,3-exo,5-endo,6-exo,8,8,10 (B7-1000), B8-1413, and B9-1679, which are the first eluting hepta-through nonachlorobornanes, respectively, on DB-5-like GC columns [20, 27] . After 7 d, B6-923 was the most abundant CTT in the samples (Fig. 2b) , and after 16 d, only traces of octa-, nona-, and decachloro-CTTs were detectable (Fig. 2c) . The B6-923 and B7-1001 were the dominant CTTs of the transformation process. Next to these, only a few hepta-, hexa-, and pentachloro-CTTs were found (at lower abundance) (Fig. 2c) .
Pentachlorobornanes have been previously detected in sediment samples from a contaminated soil in the southern United States [12, 23] . The only recalcitrant heptachloro-CTT in our samples was B7-1001, whereas additional, as-yet-unknown heptachlorobornanes (hepta A-D) had been previously described in a contaminated sediment [12] . The differences in natural CTT patterns in sediments were obviously demonstrated by a comparison of six Canadian lakes. The CTT residue patterns varied from a nearly complete transformation to B6-923 and B7-1001 to the appearance of dominant, higher-chlorinated CTTs [28] . These variations in the CTT patterns of naturally contaminated samples are reflected in the range of the CTT patterns found in our experiments with D. multivorans between 7 d (Fig. 2b) and 16 d (Fig. 2c) . Consequently, the use of D. multivorans was well suited to study the mechanism of CTT metabolism in natural anoxic media [9, 10] . However, working with D. multivorans was simpler, because this type of microorganism is commercially available and the experiment could be standardized and performed reproducibly. Furthermore, the sample cleanup was simple and suffered neither from adsorption effects nor from inhomogeneity. Using single CTTs in transformation experiments should give insights regarding the dechlorination pathway of toxaphene.
Dechlorination at gem-Cls on primary versus secondary carbons
Transformation of B8-806. It has previously been shown that transformation of both B8-806 and B8-809 (toxicant A) (Fig. 1) leads to B6-923 [3, 13] . The structurally similar diastereomers of toxicant A ( Fig. 1 and Table 1 ) coelute on DB-5/HP-5 columns [29] . Both precursors of B6-923 possess two gem-Cls, and one of each has to be substituted with H atoms to result in B6-923. One of the gem-Cls is on C2 (i.e., a secondary carbon on the six-membered ring [C1-C6]), whereas the other is located at C8 (B8-806) or C9 (B8-809; i.e., a primary carbon on the bridge [C7-C9]). Identification of intermediate products should reveal whether one of the transformation pathways is preferred. To avoid overlapping effects caused by mixed reactions of the two compounds in toxicant A, neat B8-806 was added to cell suspensions of D. multivorans (Fig. 3a) . Table 1 .
After 6 h, one unknown heptachlorobornane was detected, whereas B8-806 was quantitatively eliminated (Fig. 3c) . The lack of any B7-515 (toxicant B; B8-806 Ϫ Cl on C8) in the sample demonstrated that the initial rapid reductive dechlorination of B8-806 occurred at the secondary carbon C2, not at the primary carbon C8 (Fig. 4) . Whereas Cl → H exchange at primary carbons leads to one product, elimination on secondary carbons can either occur in the endo-or exo-position (two products possible). The Cl → H exchange at one of the gem-Cls on C2 of B8-806 may produce either 2-exo,3-endo,6-exo,8,9,9,10-heptachlorobornane (B7-1473) (elimination of the 2-endo-Cl) or 2-exo,3-endo,6-endo,8,9,9,10-heptachlorobornane (B7-1461) (elimination of the 2-exo-Cl) (Fig. 4) . However, after 5 d, the intermediate heptachlorobornane was transformed to B6-923, and this clarified that the intermediate CTT between B8-806 and B6-923 is unequivocally B7-1473 (Fig. 4) . According to that, the substitution of the 2-endo-Cl (B8-806 → B7-1473) was approximately 20-fold faster (6 h vs. 5 d) (Fig. 3d ) than reduction at C8 (B7-1473 → B6-923). Additionally, a minor hexachlorobornane (ϳ10% of B6-923) was detected in the samples (Fig. 3c) . This hexachlorobornane is most likely B6-913, previously identified by Fingerling et al. [13] . This is supported by the recording of an abundant molecular ion, which was found at the same intensity as the [M-Cl] Ϫ fragment ion [13] . Consequently, the minor heptachlorobornane in Figure 3b must be the previously unknown B7-1461 (Fig. 4) . Note that B6-913 was also identified as a minor peak throughout the elimination experiment with the technical product Melipax (Fig. 2) .
Transformation of B8-806/B8-809. We repeated this experiment with a mixture of B8-806/B8-809 (toxicant A). Separation of these octachlorobornanes was obtained on a ␤-BSCD column [12] . Again, B7-515 was not detected, and B6-923 was the major product after 5 d. Next to B7-1473 and B7-1461, a third heptachlorobornane intermediate product was detected. This heptachlorobornane was not detected in the transformation of B8-806 and, thus, has been exclusively formed from B8-809. This, and the knowledge that the intermediate was successively transformed to B6-923, clarified that this intermediate CTT has the structure 2-exo,5-endo,6-exo,8,9,9,10-heptachlorobornane (B7-1470). Note that B7-1470 coelutes with the major metabolite B7-1001 on the HP-5 column, which prevents the identification of B7-1470 in technical toxaphene and natural samples.
Transformation of B9-1025. The observation that D. multivorans was able to transform all octa-and nonachloro-CTTs led us to investigate the transformation pathway of B9-1025, which is a major CTT in fish [30, 31] . The B9-1025 carries a total of four gem-Cls, two of which are located on primary carbons and two of which are located on secondary carbons. Within 1 d, approximately 60%, and after 4 d approximately 80%, of B9-1025 was transformed. Although six octachlorobornanes may be formed by Cl → H replacement of one gemCl, the known B8-2229 (Table 1) was the only octachlorobornane detected in the samples. Therefore, removal of the 2-endo-Cl from gem-Cls appears to be the preferred position for Cl → H substitution under anaerobic conditions. This confirmed that the CTT transformation mainly occurs at gem-Cls on secondary carbons. However, it also indicated that gemCls on the six-membered ring are not equivalent. Note that formation of B8-2229 from B9-1025 has previously been assumed to occur as a result of the observed enantioselective biotransformation in Weddell seal [32] .
To our surprise, transformation of B8-2229 (three gem-Cls) was very slow, and this put new light on the role of certain CTTs in environmental samples. The B8-2229 and other CTTs are present in technical toxaphene but are also intermediates of toxaphene transformation. Because these CTTs are both transformed and formed, their relative abundance in samples is not necessarily proportional to their persistence. Other examples of similar congeners are B8-1414 and 2-endo,3-exo,5-endo, 6-exo,8,8,9 ,10-octachlorobornane (B8-1412), two CTTs frequently detected in environmental samples [13, 14, 33, 34] that are potential transformation products of the major nonachlorobornane in marine samples, B9-1679 [2,5,6] (Cl → H replacement on the gem-Cl at the primary carbon C8 or C10). 
Transformation of B9-1679.
In initial experiments, B9-1679 was treated with D. multivorans. After 4 h, approximately 60%, and after 7 d almost 95%, of B9-1679 was eliminated (Fig. 5a ). However, B9-1679 transformation was much slower compared to B8-806 and slightly slower compared to B7-1473 → B6-923 transformation (at 4 d, Ͼ90%; see above). This was expected, because both gem-Cls on B9-1679 are located on primary carbons (see above).
As expected, the intermediate transformation products B8-1412 (Cl → H exchange at C10) and B8-1414 (Cl → H exchange at C8) were formed (Fig. 5b) . However, B8-1414 was the dominant product, whereas B8-1412 was only detected because of its very high GC/ECNI-MS response [32] . The amount of B8-1412 was approximately five times lower than B8-1414 after 24 h and two times lower than B8-1414 after 4 h. In addition, formation of B7-1001 occurred rapidly after only 4 h (Fig. 5a) , and its concentration steadily increased throughout the experiment. In contrast, B8-1414 concentration increased during the first day and then decreased, whereas the highest concentration for B8-1412 was achieved after 4 h (Fig.  5a ). This set of experiments clarified that B8-1414 and B8-1412 were both formed and transformed. Therefore, the detected amounts of such CTTs in naturally contaminated sediments reflect an equilibrium between formation and transformation. Consequently, our experiment was not suitable to decide if the higher abundance of B8-1414 was caused by the preferred formation and/or the faster transformation of B8-1412. Thus, additional experiments with D. multivorans were performed, starting from B8-1412 or B8-1414.
Transformation of B8-1412 into B7-1001 was almost complete within 1 d (Fig. 6a) , but B8-1414 turned out to be more persistent (Fig. 6b ) (low amounts of B8-1414 were still found after 3 d). The higher persistence of B8-1414 indicated a higher recalcitrance of gem-Cls on the bridgehead (C10) as compared with gem-Cls on the bridge (C9) (Fig. 5b) . This was confirmed by the results of our transformation experiment with B9-1679, which leads to a preferred formation of B8-1414, because the more stable CHCl 2 group on C10 supported reductive dechlorination on other available gem-Cl on primary carbons (C8).
Transformation of B7-1453. Like B9-1679, B7-1453 possesses two gem-Cls on primary carbons (C9 and C10), and we expected two hexachlorobornane intermediates, which should subsequently be transformed to the same pentachlorobornane. Within 1 d, approximately 70%, and within 5 d more than 95%, of B7-1453 was transformed (Fig. 6a) . To our surprise, three major and two minor hexachlorobornanes were detected by GC/ECNI-MS. After 1 d, the three dominating hexachloroCTTs were found in the ratio 1.7:1.3:1.0 (based on the ECNI-MS response of the [M-Cl]
Ϫ fragment ion). The ECNI-MS abundance of the minor hexachloro-CTTs was less than 15% of the major hexachlorobornane. Four hexachloro-CTTs eluted before B6-913 from the HP-5 column, and only the second most abundant hexachlorobornane eluted between B6-913 and B6-923 (Table 1 ). The formation of three major products demonstrated that reductive dechlorination of gem-Cls is not the only transformation process. Obviously, other reactions play a more important role in the case of hexa-and heptachlorobornanes, especially for those without gem-Cls on secondary carbons. We also noticed some transformation of the heptachlorobornane B7-1001, originally formed by the transformation of B9-1679, B8-1414, and B8-1412 (Fig. 6) .
In the experiments, we were able to detect approximately 50% of the initial pool of a compound by quantitative determination of the parent compound and metabolites with five or more chlorine atoms. Further metabolites could be lower-chlorinated CTTs and compounds with a more or less transformed hydrocarbon backbone. The transformation of lower-chlorinated bornanes (without gem-Cls), which is significantly slower, is discussed elsewhere (S. Ruppe et al., Friedrich-SchillerUniversity, Jena, Germany, unpublished data). In addition, B7-1453 does not possess the known, relatively stable 2-endo,3-exo,5-endo,6-exo conformation on the six-membered ring 2620 Environ. Toxicol. Chem. 22, 2003 S. Ruppe et al.
initially found in biota samples [35] , which seems also to be valid under anaerobic conditions.
Evaluation of the findings
Using single CTTs and a single, well-defined, dehalorespirating bacterium, a laboratory method was found for simulating the anaerobic toxaphene transformation. Reductive dechlorination was the dominant transformation pathway with Cl → H substitution on gem-Cls. We assume that this transformation includes a radical transition state similar to processes identified in the transformation of chloropropenes (A. Neumann and G. Diekert, Friedrich-Schiller-University, Jena, Germany, unpublished results) and of 1,1,2,2-tetrachloroethane to 1,1,2-trichloro-and 1,2-dichloroethene [36] . The reactivity of the Cl → H exchange decreased in the order gemCls on the secondary carbon C2 Ͼ gem-Cls on the primary carbon C8 (or C9) Ͼ gem-Cls on the primary carbon C10. Our experiments demonstrated that reduction of the 2-endo-Cl position was preferred but that reduction of the 2-exo-Cl occurred as well. All in all, chlorobornanes with gem-Cls on C2 appear to be particularly unstable. Our transformation experiments with technical toxaphene showed that the peak of the coeluting 2,2,5,5,8,9,10-heptachlorobornane (B7-495) and 2,2,5-endo,6-exo,8,9,10-heptachlorobornane (B7-515) (both having gemCls on C2) were the first two out of nine studied heptachlorobornanes quantitatively removed (Fig. 2) , whereas all other heptachloro-CTTs, except B7-1059, were still detectable at the end of the present study (after 16 d).
The theoretical number of chlorobornanes is 16,640 (sum of pairs of enantiomers and achiral chlorobornanes) [37] , and 7,232 (43%) of them possess gem-Cls on C2 (calculated with the help of the windows surface provided by Andrews and Vetter [26] ). Parlar et al. [38] estimated that 70% of all CTTs have gem-Cls on the six-membered ring and one additional Cl in the ␣-position to the gem-Cl. Furthermore, 22 of 45 chlorobornanes reported in the literature possess gem-Cls on C2 [39] . In view of these facts, along with our results in the present study, it is plausible that some significant toxaphene transformation in anoxic media alone goes back to the presence of gem-Cls on C2. When we repeated some experiments with Escherichia coli, we found some transformation of CTTs with gem-Cls, but CTTs without this structural feature were scarcely affected (data not shown). We therefore conclude that the extent of toxaphene transformation in natural environments is highly dependent on the composition of the microbial community. Microorganisms with suitable enzymes or cofactors will reduce CTTs with gem-Cls (irrespective of the position on the backbone) and even some other Cl atoms, whereas less specific bacteria will only degrade gem-Cls on C2 or will have a much slower transformation rate. This would result in different CTT patterns, as was observed in natural environments. This suggests that use of bacteria, such as D. multivorans, would offer the possibility for environmental remediation.
We are convinced that these results are important for understanding the environmental fate of toxaphene. Moreover, when interrupted at suitable periods, our incubation experiments allowed for identification of unknown CTTs, as was shown for the new heptachlorobornanes B7-1473, B7-1461, and B7-1470.
